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Introduction
Mining and metallurgical activities have induced historical soil and groundwater pollution by heavy metals around the world. Geochemical weathering processes acting upon the metallurgical wastes initiate the process of spreading these anthropogenic heavy metal from the contaminated areas into the environment. Hence, the contaminated sites are only the beginning of toxic contaminant release; toxic substances can follow different environmental pathways and accumulate in environmental sinks. Sediments at the bottom of rivers, creeks and brooks are such environmental sinks for toxic substances (Warren, 1981; Basta and McGowen, 2004) . The redistribution of heavy metals by means of solute transport mechanisms can adversely affect water resources and endanger the health of surrounding ecosystems and human populations. Cost effective and ecological remediation of these sites is important to enhance the sustainable future of the metals industry.
Remediation refers to the process of environmental cleanup of contaminated sites, and the techniques to decrease or eliminate contamination from soil, sediment, surface water or groundwater (Page, 1997) . The complexity of these systems often requires unique treatment solutions, which must result from detailed research and development of appropriate technologies. Literature on sorption processes for an array of heavy metals is abundant, each offering a unique solution and point of view (notable reviews by Shi et al. 2009 , Yadanaparthi et al. 2009 , and Hashim et al. 2011 . However scientific literature customarily focuses on the effect of single adsorbents on heavy metal adsorption. Moreover, the effectiveness of sorbents is most often discussed only with regards to relative performance and the fitting of adsorption isotherms, rarely comparing achieved results to hard targets or regulated values. These shortcomings generate a disconnect between scientific research and industrial practice, making it difficult for novel technologies and innovative engineering approaches to be implemented in the real world.
The authors of this paper herein set out to establish a systematic approach to the development of optimized remediation solutions. This work aims to provide the strategy needed to tackle heavy metal contamination in sediments, and guidance on bridging the gap between laboratorybased scientific development and real world field application of sorbents. Emphasis is given to in-situ adsorption remediation, which is an attractive method for remediation of large and dispersed contamination sites. Focus on the utilization of both commercially available and wastederived sorbents is given. A strategic framework is detailed, and the efficacy of the proposed framework is illustrated by a case study on the remediation of sediments contaminated by the non-ferrous industry in Northern Belgium.
Remediation Assessment Strategy
The detailed strategy for assessment of the optimal remediation approach for contaminated sediment treatment by means of sorbent use has been defined by benchmarking common methodologies applied in literature and past experiences garnered by the present authors. In particular, attention is drawn to the challenge of treating multi-element contaminated sites, where single sorbent application is not sufficient to reach the desired remediation results (i.e. meeting environmental regulations of contaminant release), and thus a sorbent mixture is required. The principal aims of this strategy, illustrated by the framework in Fig. 1 , are outlined as:
• Identification and quantification of contaminants;
• Assessment of suitability for the application of in-situ remediation method;
• Selection of potential sorbents;
• Characterization of individual sorbent performance towards the targeted contaminants;
• Determination of individual sorbent performance on sediment treatment;
• Selection of most effective sorbents, and estimation of optimal sorbent mixture composition and application dosage based on the Decision Matrix;
• Determination of sorbent mixtures performance, final selection and optimization.
• Verification of sorbent mixture practicality, stability, and regulatory compliance.
Methodology
Assessment Study
The first stage of the proposed framework consists of a series of preliminary tests that should be conducted to understand the contamination situation and sediment characteristics. These, together with a thorough and targeted literature review, are meant to aid the planning and design of the main experimental study.
Site Inspection and Sampling
Inspection of the site surroundings, historical industrial activities in the area, current land use, human establishment, vegetation species and growth conditions, and groundwater hydrology (elevation changes and seepage points) should elucidate the extent and potential migration path of the contaminants and the most suitable sampling locations. Representative sampling of sediments can require different techniques depending on the type of fluvial system. The following objectives should be achieved by the chosen sampling technique: minimize sample disturbance, ensure samples are representative and independent of sampling point, access only to mobile sedimentation depth, efficient sampling regardless of the type of sediment, simple storage after sampling, and prevention of chemical reactions due to sampling (EMIS, 2001) .
Characterization
Determination of the elemental composition of sediments is the first step to identify the main heavy metal contaminants present in the sediment. Mineralogical composition of the sediments can help in understanding the how contaminants interact with the material and in which form they might be present (e.g. adsorbed to matrix minerals or as precipitates). Surface water and porewater (interstitial water extracted from the wet sediment) are tested for quantification of the contamination extent and natural mobility of the contaminants; these data form a basis for comparison of sorbent performance. Table 1 presents examples of typical analytical techniques used for these characterization tests.
Contaminant Mobility Test
The first objective of this test is to determine the equilibrium concentration of the heavy metals when the sediment is re-suspended in water. The result can be compared against the porewater value measured directly from freshly sampled sediment slurry, to evaluate whether the sediment will release heavy metals into the liquid phase when re-suspended. The results also serve as base case values for remediation performance assessment. The test consists in leaching the sediments with deionized water solution (MilliQ, 18.2 ohm), either pure, lightly ionized (e.g. 0.01M CaCl 2 ), or dosed with extractants such as 0.1 M Ca(NO 3 ) 2 , 0.05 M EDTA, 0.43 M HOAc and 0.1M HCl (Chen et al., 2000) ; these dosages are chosen to adjust the ionic content to more realistic levels in groundwater or to expose the sediments to harsh scenarios that may be found in natural environments.
It is also useful to appraise the overall leachable heavy metal content in the sediments to determine the true sorption capacity of the sorbents. Methods for determining potentially mobile contaminant concentration from soil and sediments vary from chemical modeling to analytical detection (D'Amore et al., 2005) . The total contaminant re-supply can be inferred from the metal speciation, which can be determined using sequential selective extractions (Sipos et al., 2008; Zhang and Pu, 2011) , the purpose of which is to fractionate contaminants into categories (exchangeable, bound to carbonate, bound to iron and manganese oxides, bound to organic matter, residual) that are related to their availability and mobility (Tessier et al., 1979, BCR) . These, and other more precise methods to determine heavy metal speciation, such as EXAFS, are interesting from a scientific perceptive, but a detailed speciation analysis is not always required. For the purpose of sorbent selection and optimization, which is based on systematic and repetitive experimentation, a more practical approach to obtain a reasonable estimate for dosage calculations is a contaminant supply totalization test. It consists in leaching the sediment at a fixed (pH/Eh-stat), more acidic pH than the original sediment pH (e.g. pH 4), the objective being to use a pH value that will release the more mobile contaminant fractions while not truly leaching the more stable matrix phases.
Literature Review and Benchmarking
Once the type of contaminants and the degree of contamination are determined, it is important to benchmark and survey the literature for the suitable adsorbents, their most common application conditions, and ideally, though not always available or precisely defined, their application dosage (e.g. grams sorbent per kilogram of sediment). The selection of the most appropriate sorbent for the remediation problem in question depends on several factors. One is the contamination characteristics; different metals require different sorbent characteristics. For example, a differentiation must be made between cationic contaminants (e.g. Ba, Cd, Cu, Ni, Pb, Zn) and oxyanionic contaminants (e.g. As, Mo, Sb, Se, V); for which specific corresponding adsorption or precipitation sites are needed. Another important factor is practicality. Many novel complex sorbents have been reported in literatures (Gao et al, 1995 , Katsou et al, 2011 , Kuo et al, 2011 ; however most are far from industrial implementation, due to unfavorable technical aspects, economics, or raw material availability. Thirdly, some waste-turned-sorbents (WTS) have shown great potential as they are acclaimed to have the benefits of being economical, available and sustainable, however, public perception and government regulations may severely limit the opportunity to use such materials.
Feasibility Study
Upon selection of potential sorbents, the second stage of the framework aims at testing their interaction with the contaminants and sediments, both to evaluate their performance, and to verify or extend the information collected from literature. The series of experimental tests culminates in the decision matrix that establishes the formulation of sorbent mixture compositions and their required dosages, to be tested in the subsequent stage.
Sorption Isotherms
The sorption isotherm allows estimation of the maximum sorption capacity, and sorption capacity at the equilibrium concentrations of porewater; these values are crucial for estimation of sorbent dosage needed to achieve a desired solution concentration. Isotherms are also useful for prediction of sorbent lifespan, allowing for estimation of sorbent replacement frequency to maintain the desired solution concentration over time, taking the additional contaminants emanating from polluted groundwater or upstream source into account.
Since the sorption theory is not fully understood, and is very specific to a particular system (liquid/solid/solute), isotherms must be obtained experimentally at the conditions most likely to be encountered in the field application (concentration range, temperature, pH…). A popular and robust adsorption isotherm equation for liquid-solid systems is the Langmuir isotherm (Langmuir, 1916) . The Langmuir equation (1) is shown below, where c = concentration in solution (e.g. mg/L); D = loading on solids (e.g. g/tonne); and k and D m are empirically derived constants, representing respectively the maximum adsorption capacity and the reaction rate.
Experiments to obtain data points for fitting of the Langmuir equation can be carried out with equal masses of sorbent in aqueous solutions of varying concentrations of heavy metals of interest (e.g. 1 to 100 ppm) (Johnson, 1990; Angove et al., 1999; Banat et al., 2000; Smičiklas et al., 2008; Asta et al., 2009; Zhang et al., 2010) to determine the equilibrium heavy metal concentrations (adsorbed and in solution). Concentration values should be chosen to produce final equilibrium concentrations in the range desired after sorbent addition to the contaminated sediments. Commercially available standard solutions of each element of interest, or their respective salts, can be used to make up the test solutions. Sorbent dosage compatible with expected sorption capacities from literature should be used; slurry are stirred or shaken at a fixed pH (pH-stat) over a period of time (e.g. 48 hours) and the filtrate is analyzed for the heavy metal concentrations. To assess competition for adsorption sites, multi-element solutions can also be prepared and tested.
Individual Sorption Test
Individual sorption tests are conducted to understand the adsorption behavior of each individual sorbent in contact with the contaminated sediments, and to confirm the expected performance based on benchmarked literature. The sorption tests consist in mixing the porewater and the untreated sediment at a specific liquid-to-solid ratio (L/S) ratio (e.g. 5), together with varying amounts of single sorbents (e.g. 5, 10 and 50 g/l), aiming to cover at least one order of magnitude of the sorption capacity ranges reported in literature. The pH should be measured over time to determine the pH controlling and buffering capacities of the sorbents, and to relate to the behavior of heavy metals in solution, as pH is an important controlling factor of solubility. The mixtures should be agitated for a sufficiently long period to ensure suitable equilibrium (e.g. three to ten days), with intermittent sampling and pH measurement to obtain kinetic information. Filtrates are tested to determine equilibrium heavy metal concentrations in solution and sorbent performance (i.e. percent reduction of porewater heavy metal concentration). The resulting data is used to estimate sorbent mixture compositions for use in the later testing stage.
Sorbent Selection Decision Matrix
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Multi-element sorption is vastly complex, and the effect is compounded by the challenge of performing sorption in a multi-phase system containing a solid phase that is able to replenish the solution upon contaminant removal. It is expected that each sorbent is incapable of achieving the desired performance for all heavy metals. The purpose of the aforementioned tests is to evaluate the individual sorbent performance with the sediment. To identify the optimal sorbent mixtures, a more systematic methodology is needed to quantify these results and provide better guidance for the ideal composition and dosage of the optimal sorbent mixture.
Herein a Decision Matrix designed to incorporate the measured effects and to estimate optimal composition of the sorbent mixtures for the subsequent experimental phase is presented. Four main criteria are used to analyze the individual sorption test results, with scores being awarded based on performance:
i) Adsorption performance relates to the adsorption performance of the sorbent for each target heavy metal, decoupled from precipitation mechanism based on pH change:
• score of -1 (where additional contaminants are brought into solution),
• score of 0 (no change in porewater concentration), • score of 1 or 2 (depending on extent, where contaminant removal is dominated by adsorption mechanism). ii) Precipitation performance relates to precipitation performance induced by the sorbent for each of the target heavy metals:
• score of 0 (no change in porewater concentration), • score of 1 or 2 (depending on extent, where contaminant removal is dominated by precipitation mechanism). iii) pH effect relates to how much pH change is caused by use of the sorbent (depends largely on the natural pH of the sorbent and its buffering capacity):
• score of 0 (no pH change), • score of 1 or 2 (moderate to significant pH change). iv) pH suitability describes the most suitable operating pH range of the sorbent (based on literature findings); for instance, sorbents that release H + groups during adsorption are more suitable for operation at higher pH (e.g. greater than 5), while sorbent with large buffering capacity are suitable for wide pH range use. The scores from the Decision Matrix are aggregated to provide an overall performance score that is used to select sorbent mixture component compositions. Table 2 illustrates the tabulation for a hypothetical example.
Selection of the best sorbent from the Decision Matrix is meant to be based predominantly on the highest scores; however it is still important to take the geochemical system into account. For instance, simply selecting the highest scoring sorbents may overlook the fact that sorption of a particular heavy metal, amongst the pack, is not addressed, or leaching of a heavy metal that is not problematic previously. In these cases, the incorporation of lower scoring sorbents may be needed to complete the treatment.
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The next step in determining sorbent mass composition and dosage is the determination of the contribution level of each sorbent in the adsorption of target heavy metals. The contribution level is an arbitrary measure defined as the percentage of the overall score of a mixture that is attributed to each sorbent. For example, in the case of mixture A shown in Table 3 , Sorbent 1 has an individual score of 4 out of an overall mixture score of 9 (the sum of the scores of individual sorbents that make up the mixture), therefore its contribution level is 44%. It is important to note that the mixture score is meant to provide a denominator for contribution calculation; the highest score does not necessarily indicate the best performance.
The exact mixture compositions (in weight percentage) are determined based on sorption isotherm test results, which provide guidance on the sorbent capacities at the operating concentration range. The final sorbent mixture composition and dosage rates to be used in the Performance Study are selected using the calculation procedure described in Table 4 .
Performance Study
In the third stage of the remediation framework, the sorbent mixtures are tested to confirm their expected performance, and are optimized if necessary. The decision at this stage must be made with regard to the feasibility of applying the mixtures in the field, most importantly by assessing their long term stability and conformation to regulations with respect to material use in natural environments.
Sorbent Mixture Performance Test
With a selection of potential optimum sorbent mixtures compiled, batch adsorption tests are performed to confirm predicted performance and select the most appropriate mixture. Sorbent mixtures are added to a mixture of sediment in porewater at the selected sorbent mixture to sediment ratios. This test determines the equilibrium heavy metal concentrations in solution, the adsorption performance and the capacity of each sorbent mixture. The experimental duration should be long enough to achieve reliable equilibrium (e.g. three to ten days); the solution pH remains at natural levels for the duration of the test. Analysis of the filtered solution will elucidate whether the desired performance (% removal compared to porewater values, or drop below regulated limits) has been reached. It is also important to assess whether the equilibrium pH value is acceptable (near the natural pH of the site and/or at the ideal pH for contaminant immobilization) or if additional buffering agents are required. It is possible that not all sorbent mixtures achieve the predicted performance, thus sorbent mixtures that fall short can be eliminated and/or sorbent mixture compositions and dosages can be refined and re-tested.
Sorbent Mixture Refinement and Optimization
Based on the first round of sorbent mixture testing, choices can be made on which sorbent mixtures meet the expected performance, which fall short but offer possibility of improvement, and which perform unexpectedly poorly and should be disposed of. The following are some remarks on what criteria can be used for evaluation:
1. Desired percentage removal achieved: no dosage or composition change required; assess regulatory requirements for application and material cost and availability. 2. Removal performance falls short: does it make sense to increase dosage or modify sorbent composition? If so, conduct another experimental round. 3. Removal performance exceeds expectation: reduce sorbent dosage or change sorbent composition to reduce material cost. 4. Removal performance attributed to precipitation more than adsorption: change sorbent composition to promote adsorption or eliminate sorbent mixture if unfeasible. 5. Increased concentration of one or more contaminants: change sorbent composition to minimize detrimental effect or eliminate sorbent mixture if unfeasible.
Stability and Regulation
Finding an optimum sorbent mixture for a specific remediation problem is a challenging endeavor, but it is not the final step if the sorbent is to be applied in the field. Numerous regulations govern the use of materials in the environment, and many road blocks can slow down or even inhibit a particular solution from actually being used, despite the positive laboratory test results. To increase the chances of success, due diligence is paramount. This means being aware of the regulations from the beginning of a project, and applying them to the working materials for the duration of the project, not simply at the end. In this manner the regulations act as boundary conditions that guide the research and development, rather than barriers that impede innovation. The following are a selection, by no means complete, of consideration to be taken:
Adsorption stability: adsorption tests typically are conducted for several hours up to several days, but in field application, sorbents are meant to stabilize contaminants for extended periods of time, and ideally permanently. Some approaches to test the stability of sorbents include conducting batch desorption tests (Mustafa et al., 2004; Rao et al., 2006; Dimovic et al., 2009) , and lysimeter tests (Hu and Luo, 2007; Lo and Liao, 2007; Karnchanawong and Limpiteeprakan, 2009) . The basic idea is to dilute a sample of spent-sorbent, or a stabilized mixture of sediment and sorbent, in fresh solution (e.g. pure water, groundwater, river water) and measure the release of contaminants, either in a batch experiment, or continuously (lysimeter/column). This helps to determine the sorption stability of the mixture over long term, and its efficiency in containing the contamination site. Sorbent mixture selection: waste residues are a major point of interest for sorbent synthesis from sustainability and market availability perspectives, however, they can often carry hazardous contaminants from its original production source, including heavy metals (e.g. combustion fly ash (Reddy et al., 2005) , organic fractions (e.g. municipal waste incineration bottom ash (Rendek et al., 2006) , carcinogens (e.g. clinoptilolite-containing zeolite (Temel and Giindogdu, 1981) ) and radioactive species (e.g. red mud (Somlai et al., 2008) ). For this reasons, environmental regulation agencies may be skeptical about applying such materials in the natural environment for long-term, and often dispersive, uses. Therefore it is essential at time of research and development to maintain close communication with authorities to know what regulations must be met. It is also crucial, from a project management perspective, to proactively check whether the preferred sorbents met such regulations during the course of development of the remediation solution.
Case Study: Contaminated Sediment Treatment
The strategic framework herein established is put to use in the development of a remediation solution to contaminated brook sediments in Northern Belgium. Sediment samples used in this study originate from an area affected from historical pollution due to metallurgical activities (Vanbroekhoven et al., 2008 ) that have contaminated the soil, groundwater and the sediments in small brooks (Figure 2 ) that discharge into larger fluvial systems. In the study area, chemical precipitates derived from groundwater-associated Fe2+ seeping into the overlying surface water significantly contribute to the composition, concentration, and fluxes of suspended sediment (Vanlierde et al., 2007) . These Fe2+ enriched groundwaters relates to the subsurface water percolation trough glauconite bearing Tertiary sands. The sampling points were chosen at locations that were primarily exposed to contaminated groundwater seepage. This section details each stage of the framework, presenting conceptual and experimental results, analysis and decisions made during the course of the work.
Assessment Study
Site Inspection and Sampling
Sediment samples were collected from the upper most layer (<10cm) of the submersed river bed, avoiding mixing with the underlying sandy substrate. The sediments were stored in waterfilled air-tight sealed plastic containers, and refrigerated to minimize physicochemical and biologically driven changes. Likewise, surface water samples were also collected. Prior to use sediments were filtered through a coarse sieve to remove leaves and other organic and inorganic debris. For collection of porewater (mechanically entrained water), a portion of the sediments was centrifuged and filtered immediately after the sampling.
Characterization and Contaminant Mobility
The main heavy metal contaminants in the sediment are As, Cd, Pb and Zn, and the values (measured by XRF, ICP-MS and AAS) are presented in Table 5 .
The matrix composition was found to be made up of Fe (30.1%), Si (11.7%), S (5.2%) and Al (4.5%). The high Fe and low Si concentrations relate to the dominantly authigenic nature of the sampled brook sediments. The Al content can be regarded as a measure for its clay content, and S likely relates to the possible existence of Fe-sulphides next to the Fe oxi/hydroxides, each defining micro-environmental sub-settings in the brooks. The sediment was found to be highly amorphous, with expected clay and low sand content. Quartz, goethite and illite were the crystalline phases confirmed, in agreement with the Si and Fe content. Concentrations of zinc and cadmium in the sediment are particularly high, though arsenic and lead are present in significant amounts as well. The high concentrations are likely related to the co-precipitation of these elements with Fe-sulphides and Fe oxi/hydroxides.
The porewater of the sediment and the surface water were analyzed to determine the concentration of the heavy metals in solution. Results are presented in Table 5 , together with pH values. Surface water values for Cd and Zn are lower than in porewater due to the higher pH of surface water, which in turn causes higher As and Pb concentrations in the surface water. In Table 5 , values of contaminant mobility, performed with 0.01M CaCl 2 , and contaminant supply totalization, performed at pH 4 with HNO 3 adjustment, are also shown.
Literature Review and Benchmarking
The investigated site contains manifold heavy metals, which possess different chemical properties that control their mobility and toxicity, therefore no single additive was expected to immobilize all inorganic contaminants. In such case, a composite sorbent mixture is needed to immobilize co-existing heavy metals in multi-contaminated sediment (Qian et al., 2009) . Three adsorbents, goethite, hydroxyapatite (HAP) and natural zeolite (N. Zeolite), were identified as having shown promising results in the literature, and therefore were selected for use in this study. It was also of interest to investigate the possibility of utilizing the synthesized waste-turnedsorbent materials, which combine the benefits of low-cost materials valorization, environmental hazard stabilization, and widely available supply. Two made waste-turned-sorbents were used in this study, namely a zeolitic-type sorbent synthesized from municipal solid waste incineration bottom ashes (MSWI-BA), which was prepared in-house (Chiang et al., in press) , and a water treatment process derived waste solid commonly referred to as water treatment residuals (WTRs), also previously reported by Sarkar et al. (2007) and Nielsen et al. (2011) . These sorbents will hereafter be referred to as WTS-1 and WTS-2, respectively.
The performance of the selected sorbents based on literature search findings is summarized in Table 6 . Both the greatest and smallest maximum capacity values reported are shown to illustrate the variability in available results, as researchers often work with significantly different systems, from synthetically made solutions to contaminated sediment/soil treatment. These values provide a rough guideline of expected performance, and should be compared with in-house results on sorption performance at the most relevant process conditions (individual batch tests and isotherm tests, discussed in the next section).
Feasibility Study
Sorption Isotherm
Experiments were carried out with sorbents in aqueous solutions of varying concentrations of As, Cd, Pb and Zn (1 to 100 mg/l) at the natural pH of the sediment porewater. Table 7 demonstrates the maximum sorption capacities (D m ) and the sorption capacities (D 90% ) at the 90% removal concentration (27 mg/l) for the five sorbents with respect to zinc. Since zinc is the dominating contaminant in the system (by a scale of 100 times), its capacity values were used for sorbent dosage estimation for the sorbent mixture tests in the next stage.
Individual Sorption Test
Batch sorption tests were performed by mixing the sediment slurry with each sorbent at three different ratios, 0.05, 0.1 and 0.5 g/l. Mixtures were agitated in sealed plastic bottles on a vibrating table for seven days. Table 8 summarizes the main findings of these experiments, including the maximum removal performances for the heavy metals, typically achieved with the highest sorbent dosage. In certain cases, As leaching was observed with increased pH, and the level worsened when the dosages was at the highest. These results suggest HAP and WTS-2 are the best performing sorbents and may be interchangeable, while Goethite and Natural Zeolite appear useful for controlling As concentrations. The performance of WTS-1 is difficult to assess given it performs very well for Zn, but suffers from insufficient removal of Cd, significant pH increase, and As leaching. These results and observations are used in the next step to tabulate the Decision Matrix.
Sorbent Selection Decision Matrix
The performance criteria are utilized to determine potential sorbent mixtures, composed of a combination of commercially available sorbents, goethite, natural zeolite and hydroxyapatite; and waste-turn-sorbents, WTS-1 and WTS-2. Based on individual sorbent tests (Table 8) and literature benchmarking, the performance of each sorbent in terms of adsorption and precipitation efficiency, pH effect and pH suitability were assessed. This assessment led to the scoring of the sorbents as shown in Table 9 . The overall scores (bottom row) are used to select several sorbent mixture compositions for further testing (Table 10) . Sorbent compositions were chosen to cover three categories: (i) commercially available sorbents only; (ii) partial substitution of HAP with waste-turned-sorbents; and (iii) full substitution of HAP with waste-turnedsorbents. As previously mentioned, the percentage values shown are contributory percentages on the adsorption performance by each sorbent, and are used for calculation of sorbent mixture composition and dosage later on.
Performance Study
Sorbent Mixture Performance Test
Batch adsorption tests based on the dosages and the compositions shown in Table 11 were performed over three days to determine sorbent mixture performance, and the results are shown in Fig. 3 and Fig. 4a .
Sorption mixtures A and B, which are made up of commercial sorbents, failed to meet the 90% removal expected, reaching between 60% and 80% removal for Zn and Cd. The remaining mixtures, C, D, E and F achieved higher than 90% removal of Zn and Cd.
However, mixture A and B effectively controlled As and Pb concentrations to lower values than the porewater, whereas mixtures C, D and E resulted in higher concentration values than the original porewater, signifying an undesired effect. For mixture C, this undesired effect can be directly linked to the high final pH value of nearly 7.5, which contributes to leaching of As(III) (Chiang et al., in press) . Mixture E leached the most As; the negative effect is likely attributed to a poor performance of goethite. Mixture F has the best As performance indicating the superior As sorption by Natural Zeolite. Performance for Pb was satisfactory for all sorbent mixtures, in particular mixtures A, B and F.
Overall, mixture F was the most successful mixture. Other mixtures performed close to expectation based on the design calculations for mixture dosages and compositions. Clearly the structured research framework facilitated the achievement of results near the desired targets. To further improve performance of the sorbent mixtures and find the optimal composition and dosage, further refining took the following reasoning:
• Commercial sorbent mixtures: Although not the best performing sorbent mixtures, it was decided not to write them off as these sorbents are already regulation-established and may have more realistic chances of field application. Mixture B outperformed mixture A, by delivering a more leveled and efficient removal. The efficiency can be improved by increased HAP content and the mixture mass can be reduced by decreasing Natural Zeolite content.
• Partial Substitution: Mixture D performed better, by delivering a well rounded
performance. For refinement, a decrease of WTS-2 to decrease pH and As leaching, and an increase in Natural Zeolite to help reducing As leaching can be implemented.
• Full substitution: Mixture F performed best. A decrease in dosage is needed to lower the equilibrium pH.
Sorbent Mixture Refinement and Optimization
Combining the assessments made from the first batch of sorbent mixture performance tests, three sorbents mixtures were selected to continue forward, one taken from each category: B, D and F. In particular, goethite and WTS-1 were eliminated as their performances were deemed insufficient or detrimental for this particular application. The compositions of the refined sorbent mixtures are shown in Table 12 .
The refined performance of the sorbent mixtures is shown in Fig. 4b (for pH) and Fig. 5 . (for heavy metals)Mixtures B1 and B2 have improved efficiency to around 80% for Zn and close to 90% for Cd. Mixtures D1, D2, F1 and F2 deliver 90% or better removal efficiency for both Zn and Cd. All mixtures show sufficient As and Pb control compared to the original sediment porewater concentration. Fig. 4b shows the equilibrium pH values for each refined sorbent/sediment mixture. Mixtures B1and B2 have the lowest pH increase, while mixtures D1, D2, F1 and F2 have higher pH increases, but the increases are less pronounced than in the unrefined tests, and are within the acceptable range.
14 The refined sorbent mixtures have proven to deliver robust performance. Given the fact that each category of sorbent mixture has its own advantage: commercially available (easy to obtain), partial substitution (effective performance), full substitution (cost efficiency), three mixtures, one from each category, were selected for the stability and regulation tests:
 Commercially available: Mixture B2 selected. Although Mixture B1 slightly outperformed B2, B2 has lower As concentration and pH.  Partial substitution: Mixture D1 selected. Mixture D1 and D2 both deliver outstanding performance; D1 is selected for its lower pH value.  Full substitution: Mixture F1 selected. Mixture F2 is eliminated due to higher pH.
Stability and Regulation
Long term stability test is carried out with each selected sorbent mixture together with sediment, and with the sediment itself, at natural pH. After ten days of shaking, the contaminant concentrations are measured to determine the long term stability of the adsorbed heavy metals. The long stability results are summarized in Fig. 6 . The sediment itself is unstable, and progressively releases Cd, Pb and Zn. The addition of the sorbent mixtures effectively reduces Cd and Zn leaching, and stabilizes Pb leaching over the ten day period. The As levels of all solutions, decreased over time, indicating the initial high levels in the sediment were induced by initial dilution and pH change but become stable over time. Mixture B2 showed the least stability for Pb and least satisfactory performance for Cd and Zn, therefore it, while being the only readily commercially available mixture, is the least preferred choice for scale-up.
To ensure the sorbent mixtures conform to the Flemish non-molded building materials VLAREA regulations, the following tests were performed: CMA 2/IIA.3 Microwave Digestion, and Vlarebo Leaching test. The CMA 2/IIA.3 Microwave Digestion test determines the compositions of the sorbent mixtures and set upper limits for use. All three sorbent mixtures met the regulation limits. The Vlarebo shake test determines the leaching behavior of materials in pure water by batch leaching test. Several tests were performed: sediment alone, sorbent mixtures alone, and sediment plus sorbent mixtures. It was found that the sediment itself exceeded several regulation limits, especially for As, Cd, and Zn. All sorbent mixtures were found to meet the regulation limits, therefore are suitable for in-situ remediation use. The combined sediment-sorbent mixtures still exceeded the regulation limits for certain elements, in particular As, Cd and Zn, however at much reduced levels, which for this study were found to be satisfactory, leading to further piloting study for field implementation.
Conclusions
The proposed framework, encompassing several methods and strategies, proved useful for finding effective sorbent mixtures for the case study discussed. Its application led to a systematic and well structured research and development program, which delivered the required results with sufficient level of detail and confidence. In comparison it was confirmed that a thorough review of the available literature is only useful in providing guidance to the most promising remediation solutions, but it alone cannot provide sufficient detail and accuracy for engineering design of a remediation solution to a particular problem, especially in the case of multi-contaminated sediments. The next step in assessment of the proposed solution is an on-site pilot scale testing to confirm the mixture effectiveness and assess sorbent life span. This work provides guidance to researchers in the field of the remediation of heavy metal contaminated sediments, that look to bridge the gap from laboratory research to field application, and that the proposed strategies prove indispensable for environmental management of contaminated sites. Tables   Table 1  Typical Table 3 are used to multiply the dosage of each sorbent by the percentage values. The resulting dosages of each sorbent can be summed to obtain the total mixture dosage (grams sorbent mixture per gram sediment) and can be used to express the mixture composition in weight percentage (wt %). Mild pH increase (up to 6.3) and As leaching increase (up to 47 µg/l). Based on adsorption capacities estimated from isotherm performance for 90% zinc removal (Table 7) , the sorption contribution percentages presented in Table 10 , the contaminant supply totalization values shown in Table 5 , and the calculation procedure detailed in Table 4 , the exact composition of each sorption mixture and their respective dosages were determined (Table 11) . 
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